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The effect of high-pressure homogenization (20–100 MPa) and the number of homogenization cycles (1–
7) on the stability of ﬂaxseed oil - whey protein isolate emulsions was evaluated. All the emulsions were
stable to creaming for at least 9 d of storage. An increase in homogenization pressure from 20 to 80 MPa
and number of passes through the homogenizer up to 3, decreased the mean droplet size of the O/W
emulsions despite the higher polydispersity. Emulsions homogenized at lower pressures (20 MPa)
showed a monomodal distribution of the particles, whereas, an increase in pressure to 80 MPa led to a
bimodal distribution, indicating droplets coalescence. High-pressure homogenization (80 MPa) and an
increase in the number of homogenization cycles, led to the formation of high molecular weight aggre-
gates (>200 kDa), which favored an increase in viscosity of the emulsions. The increase in homogeniza-
tion pressure also increased the formation of primary oxidation products, which could be explained by
the increase in temperature and in the surface area of the droplets.
 2012 Elsevier Ltd.Open access under the Elsevier OA license.1. Introduction
An emulsion can be deﬁned simply as ‘‘a system comprised of
two immiscible liquids, one of which is dispersed as droplets
(the dispersed or internal phase) in the other (the continuous or
external phase)’’ (Jafari et al., 2008). Emulsions are thermodynam-
ically unfavorable systems that tend to break down over time, due
to a variety of physicochemical mechanisms. However, it is possi-
ble to form emulsions that are kinetically stable for a reasonable
period of time, by using intense mechanical forces and/or including
substances known as stabilizers, for example, emulsiﬁers (McCle-
ments et al., 2007).
High-pressure homogenizers are the most frequently used to
produce food emulsions, providing ﬁne emulsions with good tex-
ture properties and greater stability (Desrumaux and Marcand,
2002). In this process, the combination of intense shear, cavitation
and turbulent ﬂow conditions leads to disruption of the fat drop-
lets (McClements, 2005). The decrease in average size of the fat
droplets reduces the creaming velocity (Stokes law) and increases
the stability of the emulsion (Desrumaux and Marcand, 2002). On
the other hand, emulsiﬁers are surface-active molecules that ad-
sorb to the surface of freshly formed droplets during homogeniza-
tion. Once adsorbed onto the droplet surface, they act in two ways:
lowering interfacial tension and forming a protective layer thatx: +55 19 3521 4027.
a).
sevier OA license.prevents the droplets from aggregating (Guzey and McClements,
2006; McClements et al., 2007; Walstra, 2003).
Proteins are ingredients widely used in food emulsions as emul-
siﬁers/stabilizers due to their amphiphilic character. The ability of
proteins to generate repulsive interactions (e.g., steric and electro-
static) between oil droplets, and at the same time form an interfa-
cial membrane that is resistant to rupture, plays an important role
in stabilizing the droplets against ﬂocculation and coalescence dur-
ing long-term storage (McClements, 2004). Whey proteins are of-
ten used in food emulsion systems because of their ability to
stabilize oil-in-water (O/W) emulsions (Dalgleish, 1996; Dickinson,
2001; Kerstens et al., 2006; Ye, 2010). Whey proteins adsorbed at
an oil/water interface interact with neighboring molecules ad-
sorbed on the same droplet, or on different droplets via a combina-
tion of non-covalent bonds or covalent disulﬁde bonding,
increasing stability to coalescence (McClements et al., 1993). More-
over, whey protein isolate (WPI) has been reported to possess anti-
oxidant activity (Hu et al., 2003; Sun and Gunasekaran, 2009; Tong
et al., 2000), which could be extremely beneﬁcial to systems con-
taining labile oxidative components as the dispersed phase (Sun
and Gunasekaran, 2009).
Flaxseed oil is very rich in unsaturated fatty acids, being recog-
nized as one of the greatest sources of Omega-3 in nature, this
having a positive effect on human health, being increasingly recog-
nized for their role in reducing the risk of cardiovascular diseases
(Zhao et al., 2007). However, during processing, distribution and
handling, these oils can easily oxidize, due to their high degree of
unsaturation (Tonon et al., 2011). Oxidation leads to the formation
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product shelf life, besides promoting the generation of free radi-
cals, which may have negative physiological effects on the organ-
ism (Tonon et al., 2011).
Thus, the objective of the present research was to study the best
conditions to prepare O/W emulsions stabilized by whey proteins,
aiming at greater stability and decreased oxidation of the ﬂaxseed
oil in these systems during the storage period. The effect of high-
pressure homogenization (20–100 MPa) and the number of
homogenization cycles (1–7) on the creaming stability, droplet
size, rheology, oxidative stability and molecular weight distribu-
tion of the emulsions was evaluated, the latter being evaluated
by polyacrylamide gel electrophoresis.
2. Material and methods
2.1. Material
The whey protein isolate (WPI) was obtained from New Zealand
Milk Products (ALACEN 895, New Zealand) and the ﬂaxseed oil
purchased from Cisbra (Panambi, RS, Brazil), showing the following
fatty acid composition: 6.2% C16:0, 5.3% C18:0, 20.1% C18:1, 13.7%
C18:2 and 52.3% C18:3. The protein concentration, determined by
the Kjeldahl procedure (AOAC, 1997), lipid (Bligh and Dyer, 1959),
moisture (AOAC, 1997) and ash (AOAC, 1997) contents (w/w wet
basis) were 87.66 ± 0.91% (N  6.38), 0.36 ± 0.02%, 4.54 ± 0.11%
and 1.36 ± 0.07%, respectively. All other reagents were of analytical
grade.
2.2. Preparation of the WPI stock solution
The WPI stock solution (5% w/v) was prepared by dissolution of
the powder in deionized water (pH 6.7) with magnetic stirring for
90 min at room temperature (25 C). The pH of the solution was
then adjusted to 7.0 ± 0.2 using 2.0 M NaOH. The solution was kept
overnight at 10 C to allow for complete protein dissolution.
2.3. Preparation of the emulsions
Oil-in-water (O/W) emulsions were prepared at 25 C by
homogenizing the oil in the aqueous phase using two sequential
homogenization methods. The ﬁrst method involved mixing the
solutions in an Ultra Turraxmodel T18 homogenizer (IKA, Germany)
for 4 min at 14000 rpm. The second method involved subjecting the
previously prepared macroemulsion to a high-pressure homogeni-
zation process using a Panda 2K NS1001L double stage homoge-
nizer (Niro Soavi, Italy). The pressure in the ﬁrst stage was from
20, 40, 60, 80 or 100 MPa and in the second stage it was ﬁxed at
5 MPa. The number of passes through the homogenizer (1, 2, 3,
4, 5, 6 or 7) at each pressure, totaling 35 emulsions produced,
was also evaluated. The WPI and ﬂaxseed oil contents were ﬁxed
at 3% (w/v) and 30% (v/v), respectively. Sodium azide (0.02% w/v)
was added to the emulsions to prevent microbial growth and the
pH was adjusted to 7.0 using 2.0 M NaOH.
2.4. Creaming stability
Immediately after preparation, 10 mL of each emulsion were
poured into a cylindrical glass tube (internal diameter = 11 mm,
height = 94 mm), sealed with a plastic cap and stored at 25 C for
a period of 9 d. The emulsion stability was measured by the change
in height of the bottom serum phase (H) with storage time. The
creaming index (CI) was determined according to Eq. (1).CIð%Þ ¼ ðH=H0Þ  100 ð1Þwhere H0 represents the initial height of the emulsion. To facilitate
visualization of the phase separation, Sudam III (reddish dye) was
added to the ﬂaxseed oil. The analyzes were carried out in duplicate.
Emulsions homogenized at 20 and 80 MPa were also stored in glass
bottles (60 mL of emulsion, internal diameter = 45 mm,
height = 70 mm), at 25 C, and evaluated for 3 months.
2.5. Optical microscopy
The microstructure of the emulsions was evaluated after 1 d of
storage. The samples were poured onto microscopes slides, cov-
ered with glass cover slips and observed using a Carl Zeiss Model
Axio Scope.A1 optical microscope (Zeiss, Germany) with the x100
objective lenses.
2.6. Particle size distribution
A Mastersizer 2000 (Malvern Instruments Ltd., UK) was used to
determine the particle size distribution of the emulsions. About
0.1 mL of the emulsion was added to 150 mL distilled water
(0.06% v/v) while stirring in the dispersion unit. The mean diame-
ter of the oil droplets was expressed as the volume mean diameter
(d43) and the dispersion index (span) was also reported, according
to Eqs. (2) and (3), respectively. The emulsions were analyzed 1 d
after their preparation and each sample measured in triplicate.
d43 ¼
X
nid
4
i =
X
nid
3
i ð2ÞSpan ¼ ðd90  d10Þ=d50 ð3Þ
where ni was the number of particles with diameter di, and d10, d50
and d90 were diameters at 10%, 50% and 90% cumulative volume,
respectively.
2.7. Polyacrylamide gel electrophoresis (SDS–PAGE)
Molecular weight distribution of proteins resulting from the
high-pressure homogenization of the O/W emulsions were evalu-
ated by polyacrylamide gel electrophoresis (SDS–PAGE) under
reducing and non-reducing conditions, according to Laemmli
(1970). Under dissociating non-reducing conditions, occurs the
rupture of protein aggregates stabilized by electrostatic and hydro-
phobic interactions. While that, under dissociating reducing condi-
tions, occurs the rupture of disulﬁde interactions formed between
free sulfhydryl groups of proteins. A vertical slab Mini-Protean
electrophoresis system (Bio-Rad Laboratories, Hercules, CA, USA)
was used and the resolving and stacking gels contained 15% and
5% of acrylamide, respectively. The whole emulsions, without
phase separation, were diluted in deionized water (2 mg protein/
mL) and the resulting solution was diluted in a sample buffer
(1:1) to obtain dissociating non-reducing conditions (50 mM
Tris–HCl (pH 6.8), plus 2% SDS (w/v), 10% glycerol (v/v) and 0.1%
(w/v) bromophenol blue) and dissociating reducing conditions
(50 mM Tris–HCl (pH 6.8), plus 2% SDS (w/v), 10% glycerol (v/v),
0.1% (w/v) bromophenol blue and 5% (v/v) b-mercaptoethanol).
Under dissociating conditions, the samples were heat treated at
70 C for 5 min and 10 lL aliquots then loaded into the polyacryl-
amide wells in the stacking gel. The gels were run at 100 V with a
running buffer (pH 8.3) containing 25 mM Tris–HCl, 250 mM gly-
cine and 0.1% (w/v) SDS. The gels were then stained with 0.25%
(w/v) Coomassie Brilliant Blue in ethanol:acetic acid:water
(45:10:45 v/v), and diffusion-destained by repeated washing in
an ethanol:acetic acid:water solution (10:5:85 v/v). A native whey
protein solution (non-denatured) was used as reference, and a
commercial molecular weight marker (Pre-Stained InvitrogenTM
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ville, USA) was used for the control of molecular weight.2.8. Rheological measurements
A Physica MCR301 modular compact rheometer (Anton Paar,
Germany) with stainless steel plate geometry (75 mm) and a
0.7 mm gap was used for the measurements. The emulsions were
evaluated after 1 d of storage and the measurements made in trip-
licate at 25 C. Flow curves were obtained using an up-down-up
steps program with the shear rate varying between 0 and
300 s1. The model for shear-thinning ﬂuids (Power Law model)
(Eq. (4)) was used to ﬁt the ﬂow curves.
r ¼ k:ð _cÞn ð4Þ
where r is the shear stress (Pa), _c is the shear rate (s1), k is the
consistency index (Pa.sn) and n is the ﬂow behavior index
(dimensionless).2.9. Oxidative stability
The peroxide value (PV) of the WPI-stabilized emulsions was
evaluated during the 30 d of storage at room temperature. The
emulsions were placed in sealed bottles and covered with alumi-
num foil to avoid exposure to light. A control sample containing
only ﬂaxseed oil was also analyzed.
The peroxide value (PV) was determined spectrophotometri-
cally according to the IDF standard method with some modiﬁca-
tions (Shantha and Decker, 1994). Initially the oil was extracted
from the emulsions by adding 0.3 mL emulsion to 1.5 mL of isooc-
tane/isopropanol (3:2, v/v), in triplicate. The mixtures were then
vortexed three times for 10 s each, and left to stand for 30 min.
After standing, 0.2 mL of the clear upper solvent layer was col-
lected and mixed with 2.8 mL of chloroform/methanol (7:3, v/v)
and vortexed again (4 s). Ammonium thiocyanate solution
(15 lL) was then added, and the samples mixed on the vortex mix-
er for a further 4 s. Finally 15 lL iron (II) solution was added, the
samples vortexed once again for 4 s, and after 5 min incubation
at room temperature, the absorbance of the samples was deter-
mined at 500 nm against a blank containing all the reagents except
the sample, using an UNICO SpectroQuest™ 2800 UV/VIS Spectro-
photometer (United Products & Instruments Inc., New Jersey, USA).
The entire procedure was carried out in subdued light and com-
pleted within 3 min. The hydroperoxide concentration was deter-
mined using a Fe+3 standard curve with an iron concentration
varying from 1 to 20 lg, as described by Shantha and Decker
(1994). The peroxide value, expressed as milliequivalents of perox-
ide per kilogram of oil, was calculated using Eq. (5).
Peroxide Value ðPVÞ ¼ ðAs  AbÞ x m
55:84 x m0 x 2
ð5Þ
where As = absorbance of the sample, Ab = absorbance of the blank,
m = slope of the calibration curve, m0 = mass (g) of the oil,
55.84 = atomic weight of iron. The result was divided by a factor
of 2 to express the peroxide value as milliequivalents of peroxide
instead of milliequivalents of oxygen.2.10. Statistical analysis
The results were evaluated by an analysis of variance (ANOVA),
and signiﬁcant differences (p < 0.05) between the treatments were
evaluated by the Tukey procedure. The statistical analyzes were
carried out using the software STATISTICA 6.0 (Statisoft Inc., Tulsa,
USA).3. Results and discussion
3.1. Creaming stability of the emulsions
All the emulsions homogenized by high-pressure (20–
100 MPa), irrespective of the number of passes through the
homogenizer (1–7 passes), showed good stability, with no signs
of phase separation into a top cream phase and a bottom serum
phase in up to 9 d of storage in cylindrical glass tubes (10 mL of
emulsion, internal diameter = 11 mm, height = 94 mm).
In order to reduce the wall effects, stability tests of the emul-
sions homogenized at 20 and 80 MPa with 1, 4 and 7 passes
through the homogenizer, were carried out at 25 C in glass bottles
(60 mL of emulsion, internal diameter = 45 mm, height = 70 mm)
for 3 months, since it has been well established that the conﬁning
walls can exert an extra retardation effect on a spherical particle
settling in a liquid (Chhabra et al., 2003). However, under these
conditions, the emulsions still showed no phase separation, even
after 3 months of storage (Fig. 1).
3.2. Microstructure and droplet size
The inﬂuence of different pressures and number of passes
through the homogenizer on the structure of the emulsions was
evaluated by optical microscopy. The microscopic images of the
emulsions showed that increasing the homogenization pressure
and the number of passes, decreased the droplet size, in agreement
with another studies (Qian and McClements, 2011; Santana et al.,
2011). However, at high pressures, an increase in the number of
passes seems to promote coalescence of the emulsion droplets,
as can be observed in Fig. 2.
Fig. 3 shows the changes in particle size distribution with the
number of passes through the homogenizer, for the emulsions
homogenized at 20 and 80 MPa (Fig. 3A and B, respectively). It
can be seen that at lower homogenization pressures (20 MPa),
the width of the distribution of particle size decreased appreciably
with increasing number of passes, making the oil droplets smaller
and more mono-dispersed. However, when the pressure was in-
creased to 80 MPa, the distribution of the emulsion particles be-
came bimodal, indicating that droplet–droplet aggregation
(coalescence) may have occurred. The evaluation of the mean
droplet diameter and the span, or dispersion index, of the emul-
sions homogenized at 20 and 80 MPa (Table 1), showed that a sig-
niﬁcant reduction (p < 0.05) in the d43 values was obtained at
20 MPa with up to 7 passes through the homogenizer, as conﬁrmed
in Fig. 3A. At higher homogenization pressures (80 MPa), with up
to 3 passes, the smallest droplet size (d43) was obtained. However,
it can be seen that the d43 values showed a signiﬁcant increase as
from 5 passes through the homogenizer, indicating droplet re-coa-
lescence, which can also be observed from the higher values for
span. Despite producing very small particles, they may immedi-
ately re-coalescence, causing low emulsiﬁcation efﬁciency under
severe homogenization conditions. This might be related to lower
adsorption rate of the WPI onto the droplets interface, which
would have the following consequences: some of the new droplets
may not be covered within a very short period of time during the
deformation and disruption of the droplets in the homogenizer
valve, or part of the new interfaces may be incompletely covered
(Jafari et al., 2007). At the same time, the rate (frequency) of drop-
let collisions would be very high, particularly at the higher energy
densities (pressures). Thus, this combination of more energy input,
higher volume ﬂow rate and shorter residence times could lead to
more intense re-coalescence and a bigger emulsion droplet size,
creating a bimodal distribution (Jafari et al., 2007).
High-pressure homogenization and an increase in the number
of passes through the homogenizer are related to a greater

20 MPa 80 MPa
(A) (B) (C)(A) (B) (C)
Fig. 1. Visual appearance of the O/W emulsions homogenized at 20 and 80 MPa after 3 months of storage. Number of passes: (A) 1, (B) 4 and (C) 7.
Number of 
passes
1
4
7
Homogenization pressure (MPa)
20 80
0
Fig. 2. Microstructures of the O/W emulsions homogenized at 20 and 80 MPa with 1, 4 and 7 passes through the homogenizer. Scale bar = 10 lm.
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to an increased temperature of the emulsions. Thus, the tempera-
ture of the O/W emulsions was measured at the exit from the
homogenizer after each pass, at the pressures of 20 and 80 MPa,
and the results are shown in Fig. 4. According to the results, it
can be seen that an increase in pressure and in the number of
passes through the homogenizer, led to an increase in temperature
of the emulsions, as also observed by Sandra and Dalgleish (2005)
and Santana et al. (2011). According to Hayes and Kelly (2003), the
increase in temperature is due to adiabatic heating, in addition to
high turbulence, shear and cavitation forces during high-pressure
homogenization. At 80 MPa, after 4 passes through the homoge-
nizer, the temperature of denaturation (62 C) of the second most
abundant fraction of the whey proteins, a-lactalbumin (a-La)
(22%), was reached, and after 6 passes, the temperature of denatur-
ation (64 C) of the least abundant fraction, bovine serum albumin
(BSA) (5.5%), was reached (Bryant and McClements, 1998). Thus,
the increase in droplet size (d43) with the number of passes
through the homogenizer at high pressure (Table 1) and tempera-
ture (Fig. 4), could also result in protein unfolding, exposure andinteraction between hydrophobic groups via the formation of cova-
lent bonds, thereby resulting in a decrease in the emulsifying
capacity and promoting droplet coalescence.
3.3. Polyacrylamide gel electrophoresis (SDS–PAGE)
Polyacrylamide gel electrophoresis (SDS–PAGE) was carried out
to determine if the high-pressure homogenization process and the
number of passes through the homogenizer could have caused pro-
tein aggregation due to the increase in temperature observed in the
emulsions (Fig. 4). Emulsions homogenized at 20 MPa and diluted
to obtain non-reducing and reducing conditions, are shown in
Fig. 5A and B, respectively, and emulsions homogenized at
80 MPa and diluted to obtain non-reducing and reducing condi-
tions, are shown in Fig. 5C and D, respectively. Fig. 5A and C show
the temperatures reached at the exit of the homogenizer after each
pass at pressures of 20 and 80 MPa, respectively.
Two major bands were visualized under the different homoge-
nization conditions (pressure and number of passes) in the molec-
ular weight region around 15 and 19 kDa, corresponding to the
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Fig. 3. Effects of homogenization pressure and the number of passes through the homogenizer on the droplet size distribution of the emulsions containing 3% (w/v) WPI and
30% (v/v) ﬂaxseed oil, homogenized at (A) 20 and (B) 80 MPa. Number of passes: ( ) 1, ( ) 2, ( ) 3, ( ) 4, ( ) 5, ( ) 6 and ( ) 7.
Table 1
Mean droplet diameter (lm) and span of the O/W emulsions stabilized by WPI.
Number of passes Homogenization pressure (MPa)
20 80
d43(lm) Span d43(lm) Span
1 2.17 ± 0.00aA 1.62 ± 0.02 0.83 ± 0.01aB 1.33 ± 0.01
2 1.55 ± 0.03bA 1.33 ± 0.01 0.59 ± 0.00bB 1.65 ± 0.01
3 1.32 ± 0.01cA 1.14 ± 0.00 0.47 ± 0.00cB 3.83 ± 0.02
4 1.14 ± 0.01dA 0.97 ± 0.03 0.46 ± 0.00cB 4.27 ± 0.01
5 1.03 ± 0.00eA 0.88 ± 0.01 0.72 ± 0.00dB 5.24 ± 0.02
6 0.97 ± 0.00fA 0.82 ± 0.02 0.79 ± 0.00eB 5.59 ± 0.03
7 0.93 ± 0.02gA 0.89 ± 0.05 0.90 ± 0.00fB 5.91 ± 0.04
Different letters indicate signiﬁcant differences (p < 0.05). Small letters: differences
in the same column. Capital letters: differences in the same line for the different
homogenization pressures.
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respectively. Furthermore, minor bands were observed in the
molecular weight regions between 26–37 kDa and around
64 kDa, related to the fractions of b-Lg dimers and bovine serum
albumin (BSA), respectively.
According to Fig. 5A and B, there was no formation of high
molecular weight protein aggregates in the emulsions homoge-
nized at 20 MPa, which could be explained by the lower pressure
and lower temperatures reached after each pass through the
homogenizer. However, when the pressure was increased to80 MPa, it can be seen that, with only 1 pass through the homog-
enizer, there was already some formation of aggregates with
molecular weight above 64 kDa, and this intensiﬁed after 4 and 5
passes (Fig. 5C). Therefore one must say that, despite not having
reached the denaturation temperature of the whey protein frac-
tions after a smaller number of passes, pressure promoted the for-
mation of high molecular weight aggregates. The effects of high
hydrostatic pressure on proteins are primarily related to the rup-
ture of non-covalent interactions (hydrophobic and electrostatic),
leading to disruption of the quaternary and tertiary structure of
the globular proteins, with relatively little inﬂuence on their sec-
ondary structure (Bouaouina et al., 2006). This aggregation process
was intensiﬁed by the increase in temperature after 4 and 5 passes
through the homogenizer. Partial globular whey proteins unfolding
can result in more compact adsorbed layers, exposing reactive sul-
phydryl groups (Singh and Sarkar, 2011). Thus sulfhydryldisul-
ﬁde interchange reactions could be formed between protein
molecules adsorbed at the interface, leading to an increase in the
surface viscoelasticity of the protein ﬁlm surrounding the droplet,
which could explain the stability of these emulsions against coales-
cence (Dickinson et al., 1990; Dickinson and Matsumura, 1991;
McClements et al., 1993).
Under non-reducing conditions (Fig. 5C), the formation of high
molecular weight protein aggregates was also visualized in the
stacking gel, which could correspond to a molecular weight
exceeding 200 kDa (Copeland, 1990). However, in the presence of
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Fig. 4. Effects of homogenization pressure and the number of passes through the homogenizer on the temperature of the emulsions containing 3% (w/v) WPI and 30% (v/v)
ﬂaxseed oil at the exit of the homogenizer. Homogenization pressure: (h) 20 and (X) 80 MPa.
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Fig. 5. Polyacrylamide gel electrophoresis (SDS–PAGE) of the O/W emulsions homogenized in an Ultra Turrax (14000 rpm) and at high pressure (20 and 80 MPa) with
different numbers of passes through the homogenizer. (A, B) 20 MPa and (C, D) 80 MPa. (A, C) SDS–PAGE under non-reducing conditions, and (B, D) SDS–PAGE under reducing
conditions. Columns (1) commercial molecular weight marker, (2) native whey protein solution (non-denatured), (UT) Ultra Turrax, (P1) 1 pass, (P2) 2 passes, (P3) 3 passes,
(P4) 4 passes, (P5) 5 passes, (P6) 6 passes and (P7) 7 passes. The temperatures reached at the exit of the homogenizer after each pass are shown in detail.
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occurred (Fig. 5D), indicating that they were stabilized by disulﬁde
bonds. Thus, the aggregation process could also be evaluated by
the decrease in the whey protein fractions, mainly after 6 and 7
passes, simultaneously with the formation of high molecular
weight aggregates in the stacking gel after a higher number of
passes through the homogenizer (4–7). The gradual disappearance
of low molecular weight proteins from the electrophoretic proﬁles
is also linked to the aggregation process with increasing pressure
(from 400 MPa) in emulsions stabilized by 11S soy protein. Such
behavior was observed for both adsorbed and non-adsorbed pro-
teins, indicating that regardless of the location of the proteins
(aqueous phase or interface), the use of high pressure induced
the aggregation of this globular protein (Puppo et al., 2011).3.4. Rheology
The ﬂow curves data for WPI-stabilized emulsions, homoge-
nized at high pressure with different numbers of passes through
the homogenizer, were ﬁtted to the power law model equation
well (Table 2) for all the emulsions (R2 > 0.993). The values for
apparent viscosity at a shear rate of 100 s-1 are also shown in Ta-
ble 2. This parameter was evaluated at this shear rate since it is
typical of food processes, such as ﬂow through a pipe, stirring or
mastication (McClements, 2005). The O/W emulsions showed
low pseudoplasticity, since the ﬂow behavior index (n) of all the
emulsions was in the range from 0.78 to 0.95. According to Table 2,
in general, one can observe that the consistency index (k) increased
with the number of passes through the homogenizer, whereas the
Table 2
Rheological parameters obtained from the power law model and the apparent viscosity at 100s1 (g100) for the O/W emulsions stabilized by WPI.
Number
of passes
Homogenization pressure(MPa)
20 40 60 80 100
n k (Pa.sn) g100
(mPa.s)
n k (Pa.sn) g100
(mPa.s)
n k (Pa.sn) g100
(mPa.s)
n k (Pa.sn) g100
(mPa.s)
n k (Pa.sn) g100
(mPa.s)
1 0.94aA 0.004aA 3.1aA 0.91aA 0.004aA 3.0aA 0.90aA 0.004aA 3.0aA 0.94aA 0.006aA 4.5ªB 0.95aA 0.005aA 4.5ªB
2 0.85bA 0.007abAB 3.8bA 0.91aB 0.005acA 3.6bA 0.89aAB 0.006abAB 4.0bB 0.92aB 0.006aAB 4.2aC 0.90aAB 0.007abB 5.0bD
3 0.92abA 0.005abA 3.8bA 0.89abA 0.006abcAB 3.9bcA 0.91aA 0.006abAB 4.1bcB 0.92aA 0.006aAB 4.7aC 0.92aA 0.007abB 5.1bcD
4 0.92abA 0.005abA 3.7bA 0.88abA 0.007bcA 4.1cdB 0.92aA 0.006abA 4.3cB 0.78bB 0.015bB 5.5bcC 0.91aA 0.008abC 5.3cC
5 0.88abA 0.006abA 3.8bA 0.90abA 0.006abcA 4.1cdA 0.88aA 0.008bA 4.8dB 0.89abA 0.009abA 5.2cB 0.95aA 0.007abA 5.9dC
6 0.87abAB 0.007abA 3.9bA 0.89abAB 0.007bcA 4.2deA 0.92aAB 0.006abA 4.8dB 0.82abA 0.014abB 5.9bdC 0.93aB 0.009bAB 7.0eD
7 0.87abA 0.008bAB 4.1bA 0.85bA 0.008bAB 4.4eAB 0.91aA 0.007bA 4.9dB 0.88abA 0.010abAB 6.0dC 0.90aA 0.013cB 9.0fD
Different letters indicate signiﬁcant differences (p < 0.05). Small letters: differences in the same column. Capital letters: differences in the same line.
K.R. Kuhn, R.L. Cunha / Journal of Food Engineering 111 (2012) 449–457 455values for the ﬂow behavior index (n) decreased, suggesting an in-
crease in viscosity and in the pseudoplasticity of the O/W emul-
sions, respectively. An increase in homogenization pressure and
in the number of passes led to an increase in viscosity of the emul-
sions, which can be seen from the values for apparent viscosity at
100 s1 (g100), and could be associated with a higher protein
aggregation and mean droplet size.
3.5. Lipid oxidation
The progress of lipid oxidation was monitored by measuring the
formation of primary reaction products (lipid hydroperoxides) in0
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Fig. 6. Effects of homogenization pressure and the number of passes through the homoge
ﬂaxseed oil, homogenized at (A) 20 and (B) 80 MPa. Number of passes: ( ) 1 pass, ( )
amongst replications.the O/W emulsions homogenized at high pressure (Fig. 6). The
emulsions homogenized at 20 MPa showed lower or statistically
similar peroxide values to the pure oil, except after 30 d of storage
(7 passes) (Fig. 6A). The presence of an emulsiﬁer (protein) pre-
vents the binding of some pro-oxidant impurities (such as transi-
tion metals), protecting against oil oxidation (Fomuso et al.,
2002; McClements and Decker, 2000). However, the peroxide value
only increased from 0.420 to 0.714 meq/kg oil for the pure oil after
30 d of storage. When the pressure was increased to 80 MPa, there
was an increase in the formation of primary oxidation products
in the emulsions in relation to the pure oil (Fig. 6B) and the emul-
sions homogenized at 20 MPa (Fig. 6A), which may have been a15 20 25 30
 time (days)
(A)
15 20 25 30
time (days)
(B)
nizer on the peroxide value of the emulsions containing 3% (w/v) WPI and 30% (v/v)
4 passes, ( ) 7 passes and ( ) pure oil. The bars represent the standard deviation
456 K.R. Kuhn, R.L. Cunha / Journal of Food Engineering 111 (2012) 449–457consequence of the increase in temperature observed in these
emulsions (Fig. 4) (Shahidi and Zhong, 2005). Moreover, the de-
crease in droplet size (d43) with increase in pressure (Table 1)
may also have inﬂuenced the increase in oxidation, since the sur-
face area of the droplets increased. According to McClements and
Decker (2000), lipid oxidation can be accelerated by reactions that
take place at the surface of the emulsion droplets. Therefore the
rate of lipid oxidation should increase as the droplet size decreases,
since smaller droplets expose a larger surface area per unit volume
to the pro-oxidants at the interface (Lee et al., 2011; McClements
and Decker, 2000; Osborn and Akoh, 2004). The emulsions homog-
enized at 80 MPa showed an increase in peroxide value from 0 to
1.777 meq/kg oil after 1 pass through the homogenizer, from 0 to
0.847 meq/kg oil after 4 passes, and from 0.026 to 2.957 meq/kg
oil after 7 passes. Furthermore, it seems that the primary oxidation
products continued to increase after 30 d, whereas in the pure oil
they only increased from 0.401 to 0.647 meq/kg oil (Fig. 6B). The
increases observed in the oxidation of the emulsions and pure oil
can be considered to be small, since the WPI probably acted as
an antioxidant in the emulsions. Moreover, the low temperature
used in the assays (25 C) may have prevented greater oxidation,
since, according to Pu and Sathivel (2010), ﬂaxseed oil at 30 C
exhibited minimal lipid oxidation with time, but showed higher
peroxide values with increase in temperature (30–60 C).4. Conclusions
The results of this study revealed that emulsions stabilized by
whey proteins showed good stability, with no sign of phase sepa-
ration, when homogenized at high-pressure (20–100 MPa) with
different numbers of homogenization cycles (1–7). An increase in
homogenization pressure from 20 to 80 MPa, and in the number
of passes up to 3, resulted in a smaller mean droplet size of the
O/W emulsions. However, higher pressures and a greater number
of passes led to droplets coalescence and the formation of high
molecular weight protein aggregates due to shear and the increase
in temperature, which reduced its emulsifying capacity. In addi-
tion, there was an increase in viscosity of the O/W emulsions and
the formation of primary oxidation products, the latter being ex-
plained by the increase in temperature and decrease in droplet size
(increase in surface area) of the emulsions at the higher pressure.
Therefore, when aiming for greater stability and a reduction in oxi-
dation of the ﬂaxseed oil in the O/W emulsions, the best process
conditions would be the use of a homogenization pressure of
20 MPa and up to 5 passes through the homogenizer.
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